Depression is the most common psychiatric illness, with about 121 million people affected worldwide. Of people who experience a depressive episode, 15% commit suicide.
Introduction
Depression is the most common psychiatric illness, with about 121 million people affected worldwide. Of people who experience a depressive episode, 15% commit suicide. 1, 2 Although many studies have investigated the pathophysiologic mechanisms of major depressive disorder (MDD) using live brain imaging and postmortem studies, its etiology remains unclear; however, recent progress based on those studies has gradually revealed common features of MDD. Among these features, volume reduction of selective brain regions in patients with MDD is the most remarkable. [3] [4] [5] This is mainly due to a lower number of glial cells and neuronal atrophy in those regions. 6, 7 Specifically, the reduction of astrocytes among all glial cells was frequently found in postmortem studies. 3, [8] [9] [10] Another study reported lower levels of glutamine synthetase (GS), one of the astrocyte-specific enzymes involved in the glutamate-glutamine (Glu-Gln) cycle, and its activity levels were decreased in some clinical studies of MDD. 11 A variety of preclinical studies have reported findings to support the idea of astrocyte loss and Glu-Gln disruption. Consistent with those studies, several papers have reported decreased gliogenesis and number of astrocytes in the medial prefrontal cortex (mPFC) in animal models of chronic stressinduced depression. 7, [12] [13] [14] These results strongly suggest that a relationship exists between the functions of astrocytes and the behavioural aspects of MDD. To test this issue, a recent study ablated astrocytes in the prelimbic cortex (PLC) using a specific toxin and revealed that depressive-like behaviours could be evoked using only this treatment.
14 It remains to be determined how astrocyte loss results in depressive behaviours.
To address this question, we focused on the role of astrocytes in the maintenance of the Glu-Gln cycle, 15 because several lines of evidence have indicated a deficit of these amino acids in the brains of patients with MDD and in animal models of depression. 12, 16, 17 We hypothesized that selective astrocyte loss would impair this cycle and change the levels of Glu and Gln. To test this hypothesis, we ablated astrocytes in the mouse PFC and then monitored Glu and Gln levels and depressive-like behaviours.
Methods

Animals
Male, 9-week-old C57BL/6 mice (SPF grade, Hana, Co. Ltd.) were housed in a temperature-controlled (22°C) en vironment under a 12-hour light/dark cycle (lights on at 6 am), with free access to laboratory chow and water. The animals were habituated for 1 week before the experiments. For the immunohistochemical analysis, mice were transcardially perfused with 4% neutralized paraformaldehyde. For the amino acid analysis, mice were decapitated under CO 2 anesthesia. Mice were treated in accordance with the standard Gyeongsang National University Institution Animal Care and Use Committee guidelines for laboratory animal care (GNU IACUC, GLA-100917-M0093).
Guide cannula implantation and L-α aminoadipic acid infusion
We adapted the L-α aminoadipic acid (L-AAA) infusion depression model from a recent report.
14 Adult mice were anesthetized using xylazin/tiletamine + zolazepam (0.5/1 µl/g, intraperitoneal), and guide cannulae (PlasticsOne) were bilaterally implanted into the PLC using a stereotaxic frame (Stoelting Inc.) at the coordinates 1.7 mm anteroposterior, -0.25 mm dorsolateral, and depth -2.5 mm from the bregma. 18 After 1 week of recovery, we infused L-AAA (100 µg/µl; Sigma) bilaterally using injection cannulae and a microdrive pump. We administered this infusion once daily for 2 days at a rate of 0.1 µl/min for 6 minutes. The same volume of phosphate-buffered saline (PBS) was infused into the PLC of the sham controls.
Time course and experimental design
Experiment A (Appendix 1, Fig. S1 , available at cma.ca/jpn) was designed to induce astrocyte ablation using L-AAA infusion and to test depressive behaviours using the open field test (OFT), sucrose preference test (SPT) and forced swim test (FST). In addition, we investigated the effect of astrocyte loss on Glu and Gln levels in the PFC. For this purpose, we implanted guide cannulae 7 days before L-AAA infusion, and then L-AAA was infused for 2 consecutive days. Thereafter, we analyzed Glu and Gln levels in the PFC using liquid chromatography on days 3, 5, 7 and 10. The OFT and the SPT occurred on day 5, and the FST occurred on days 5 and 10. All mice were prepared for each aspect of the experiment, but separate groups of mice were used on different investigation days. Experiment B (Appendix 1, Fig. S1 ) aimed to test whether a disturbance of the Glu-Gln cycle affected depressive behaviour. For this purpose, we infused mice with methionine sulfoximine (MSO) or α-methyl-amino-isobutyric acid (MeAIB) on the seventh day after cannulation. The mice were then subjected to the FST. One day after the FST, we analyzed Glu and Gln levels using liquid chromatography.
Experiment C (Appendix 1, Fig. S1 ) tested whether exogenous Gln could reverse the depressive behaviours caused by L-AAA infusion and by Glu-Gln cycle disturbance. Cannulation and toxin infusion were performed as in experiments A and B. The depressive behaviours were confirmed on the fifth day after L-AAA infusion using the FST. To test the effects of Glu and Gln on L-AAA infusion, Glu and Gln were infused the day after the FST, and the mice repeated the FST so we could re-evaluate depressive behaviours. To evaluate the effect of Gln on Glu-Gln cycle disturbance, Gln was cotreated with MSO or MeAIB, and then the mice were subjected to the FST. We examined the effect of Glu and Gln infusion on the normal mouse behaviour using the the OFT and FST.
Behavioural assessments
We adapted the FST method from Porsolt and colleagues, 19 using modifications that have been described elsewhere. 20 Briefly, each mouse was placed in a Plexiglas cylinder (height 25 cm, diameter 12 cm) containing water at a temperature of 25°C and a depth of 17 cm so that the mouse could neither escape nor touch the bottom. Mice were subjected to 5 minutes of preswimming the day before the experiment. On the day of the experiment, mice were forced to swim for 6 minutes. The animals were habituated for the first minute, and their behaviour was noted over the next 5 minutes. Mobility was defined as a change of 7% of the recorded pixels (EthoVision; Noldus Information Technology). The water in the chamber was changed between mice. The OFT was carried out as previously described. 20 The SPT was performed as previously described, 21 with some modifications, to determine symptoms of anhedonia. Briefly, animals were habituated for 48 hours to 0.1M sucrose solution followed by a 12-hour deprivation period. We then determined preference for sucrose solution or water (identical bottles) for 6 hours.
Immunohistochemistry
Immunohistochemistry was performed as previously described, 22 with several modifications. Briefly, fixed brains were sectioned (30 µm sections, coordinates 4.7-1.7 mm from the bregma) and incubated with an anti-glial fibrillary acidic protein (GFAP) antibody (1:500; Dako) at 4°C overnight. The positive signals were developed using an ABC kit (VECTA -STAIN Elite) and DAB as a substrate for the peroxidase labelling. The sections were mounted on gelatin-coated slides, dried, dehydrated through a series of graded alcohols, cleared in xylene and then cover-slipped using Permount (Sigma). We obtained and documented digital images (Olympus). We used 9 sections from each animal to count GFAPpositive cells in the PLC (NIH ImageJ).
Analysis of Glu and Gln levels
Mice were anesthetized with CO 2 and decapitated. The PFC (including the PLC) was dissected on ice and rapidly frozen using liquid nitrogen. The samples were weighed and then mixed with 700 µl of sodium citrate loading buffer to analyze Glu levels or with a lithium citrate loading buffer to analyze Gln levels. The tissue was homogenized and centrifuged at 13 000g for 60 minutes, and we used the resulting supernatant for analysis. The supernatant was filtered with a 5 µm pore filter before loading (Millex Syringe filter; Millipore). We visualized Glu and Gln using a Biochrom 20 Plus amino acid analyzer (Biochrom Ltd.) with a mobile phase (flow rate 25.0 mL/h). We identified the amino acid peaks in the samples by their retention times compared with external standards. Amino acid concentrations were quantified according to the relative peak height measured and were expressed in micrograms per milligram.
Infusion of L-Gln, L-Glu, MSO and MeAIB
We purchased L-Glu, L-Gln, MSO and MeAIB from Sigma and dissolved them in PBS. The concentrations of Glu used in this study were 0.1 and 1 M; Gln concentrations were 0.1, 1 and 2 M. The MSO solutions for infusion were adjusted to 5 and 10 mM. Experimental concentrations of MeAIB were 5 and 7 mM. We infused all chemical solutions bilaterally into the PLC through guide cannulae. The infused volume for each chemical was 0.2 µl at a rate of 0.1 µl per minute. Mice performed the FST 3 hours after Gln and MSO infusion and 6 hours after Glu and MeAIB infusion. To confirm retention and to prevent an adverse tide of the infused solution, we kept the injection cannulae in place for 5 minutes after completion of the infusion before retracting them. For the sham control procedures, we infused the same volume of PBS.
Statistical analysis
We performed 1-way analysis of variance (ANOVA) and Dunnett post hoc tests for multiple-group comparisons. For between-group comparisons, we used t tests. Statistical analyses were conducted using SigmaStat software version 3.5 (Sigma). We considered results to be significant at p < 0.05.
Results
Mice infused with L-AAA showed significantly greater immobility and lower Glu and Gln levels
To investigate the role of astrocytes in depressive behaviours, we infused L-AAA into the PLC of mice, and astrocyte ablation was confirmed by immunohistochemistry on the sixth day after L-AAA infusion and following SPT, OFT and FST ( Fig. 1A and B) . To investigate the changes in Glu and Gln levels, we assayed Glu and Gln concentrations on the third and fifth days after L-AAA infusion (Appendix 1, Fig. S1 ). The concentrations of Glu and Gln significantly decreased on the fifth day after L-AAA infusion ( Fig. 1C and D) . L-α aminoadipic acid did not influence the locomotor activity of infused mice (Fig. 1E) . Interestingly, mice infused with L-AAA showed lower sucrose preference and longer durations of immobility on the fifth day after infusion, indicating a more depressive-like behaviour ( Fig. 1F and G) . On the seventh day, the levels of Glu and Gln remained significantly lower in mice infused with L-AAA than in controls ( Fig. 2A and B ) but returned to sham levels on day 10 after infusion ( Fig. 2A and B) . At this time point, we found no difference in the duration of immobility (Fig. 2C) . From these results, we conclude that astrocyte depletion in the PLC results in lower levels of Glu and Gln, which closely relate to depressive behaviours.
Blockade of Gln synthesis and transport increased the duration of immobility
Glutamine is synthesized by GS in astrocytes and is transported into neurons through the system A transporter-2 (SAT2). 23 Glutamine synthesis can be inhibited by MSO, 24 and Gln transport can be blocked with MeAIB. 25 If the depressive behaviours caused by astrocyte ablation are due to lack of Gln supply from astroglia, inhibition of Gln synthesis in the PLC would be sufficient to evoke depressive behaviours. To address this issue, we infused MSO directly into the PLC, and then conducted the FST to evaluate the level of depressive behaviours 3 hours after infusion. Interestingly, mice infused with MSO displayed significantly more depressive behaviours than control mice (Fig. 3A) . Athough a sufficient supply of Gln is available from astrocytes, the concentrations of Glu and Gln in neurons decrease when abnormal transport of Gln occurs through SAT2. 23 Therefore, we also examined the effect of MeAIB, a competitive blocker of SAT2, on immobility duration using a similar experimental paradigm to that used for MSO (Fig. S1 ). As expected, mice given MeAIB showed significantly greater immobility than controls (Fig. 3D) . The levels of Glu and Gln were also significantly lower in MSO-and MeAIB-treated mice than in control mice (Fig. 3B , C, E and F). These results suggest that dysfunction of the Glu-Gln cycle can trigger depressive behaviours even with sufficient numbers of astrocytes present.
Glutamine treatment reversed immobility induced by astrocyte ablation and Glu-Gln cycle impairments
Based on our previous results (Figs. 1-3) , we postulated that the reduction of Glu and Gln levels in the PFC might evoke depressive behaviours, and that these amino acids could be the target of new antidepressant development. Therefore, we directly tested 2 substances, L-Glu and L-Gln, as therapeutic agents in our animal models. Astrocyte-ablated mice were directly infused with L-Glu, L-Gln or vehicle (saline), and they were subjected to the FST after this treatment. As shown in Figure 5A , the higher dose of L-Gln (0.2 µmol) reversed the depressive behaviours of mice infused with L-AAA, but neither the doses of L-Glu or the lower dose of L-Gln (0.02 µmol) altered the duration of immobility (Fig. 4A ). This result was further verified using different doses of L-Gln in another experiment ( On the seventh day after L-α aminoadipic acid (L-AAA) infusion, glutamate (Glu) and glutamine (Gln) levels remained significantly lower than those of control mice, but on the tenth day, no significant differences were observed (A and B, Glu level day 7, t 8 = 2.460, p = 0.039; Gln level day 7, t 8 = 2.634, p = 0.030; Glu level day 10, t 8 = 0.951, p = 0.37; Gln level day 10, t 8 = 0.215, p = 0.84). Duration of immobility was similar between mice infused with L-AAA and control mice on the tenth day (C). Data are presented as means and standard errors of the mean. *p < 0.05, n = 5 per group. Different mice groups were used for each day of testing. We conducted a t test to evaluate the mean difference between the control and L-AAA groups. One group of mice was tested using the forced swim test twice, before and after Gln treatment. We conducted a t test between, before and after Gln treatment. Data are presented as means and standard errors of the mean. *p < 0.05, **p < 0.01, n = 4 per group.
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L-AAA were pretested for immobility in the FST and then divided into 4 groups, 3 receiving a different dose of L-Gln and 1 receiving a sham dose. Figure 4B shows the antidepressant effect of the 3 doses of L-Gln tested. Among them, the highest dose (0.4 µmol) of Gln lowered the immobility of mice infused with L-AAA to that of mice that were not infused with L-AAA. As discussed previously (Fig. 3) , treatment with MSO or MeAIB to disrupt the Glu-Gln cycle also induced low levels of Glu and Gln in the PFC. Therefore, we also infused Gln with each compound. Interestingly, the depressive behaviours induced by MSO and MeAIB disappeared with Gln treatment (Fig. 5A and B) , implying that Gln could also be a potent antidepressant in these models. Furthermore, we investigated the single effect of Glu or Gln on locomotor activity and immobility duration using control mice that were not treated with L-AAA ( Fig. 5C and D) . As a result, Glu and Gln did not interfere with locomotor activity, and only Gln treatment reduced the duration of immobility, suggesting the potency of Gln as an antidepressant ( Fig. 5C and D) .
Discussion
In this study, we used 3 different mouse models of helplessness, a representative depressive phenotype, to investigate how astrocyte ablation in the PFC evokes depressive behaviours. In one model, we infused the astrocyte-specific toxin, L-AAA, into the PLC of adult mice. In the second model, we infused MSO, an inhibitor of GS, into the PLC. In the third model, we infused MeAIB, a blocker of SAT2, into the PLC. Although we used 3 different chemicals, the phenotype displayed by all 3 animal models was very similar. The typical phenotype displayed in all of these models included longer duration of immobility and lower concentrations of Glu and Gln in the PFC than in control mice. Moreover, intracranial Gln infusion reversed the increased duration of immobility in all 3 models to control levels and also decreased the duration of immobility in control mice that were not treated with L-AAA. These results provide useful clues to understand and overcome MDD. It has been reported that the effect of L-AAA on astrocyte ablation was most apparent by 48 hours and lasted 7 days following a single injection with robust gliosis. 26 In the present study, we performed twice as many infusions as in a previous study 14 and expected a longer duration of the effects. In the present study, astrocyte ablation was evident on the sixth day after L-AAA infusion (Fig. 1A) , and the effect of astrocyte ablation on the levels of Glu and Gln began to appear on the fifth day and lasted until the seventh day. On the tenth day, significant differences in Glu and Gln levels and duration of immobility between mice infused with L-AAA and control mice were no longer found, implying that the number of astrocytes and their functions may be recovered via gliosis. Further investigation is needed. Our results suggest that the levels of Glu and Gln transiently decreased in the PFC after infusion of L-AAA, and depressive-like phenotypes were found during the time when these 2 amino acid levels dropped. Therefore, the shortage of Glu and Gln in the PFC may be the reason that depressive behaviours occur, because this shortage can alter neuronal activity. 16 Moreover, a variety of clinical studies involving patients with depression have indicated that the concentrations of these 2 amino acids fluctuate in the brain and in plasma. [27] [28] [29] [30] [31] [32] The next step is to consider why this phenomenon occurs when fewer astrocytes are present.
Several lines of reasoning exist to explain why Glu and Gln levels were downregulated by astrocyte ablation. First, we should consider the inter-relationship between neurons and astrocytes from the viewpoint of Glu, a basic amino acid neuro transmitter in the brain. Glutamatergic neurons obtain Glu by 2 routes: de novo synthesis from glucose by the tricarboxylic acid cycle and conversion from Gln by glutaminase. 33 Astrocytes protect neurons from Glu excitotoxicity after glutamatergic neurotransmission by clearing excess Glu from the synaptic cleft using the excitatory amino acid transporter (EAAT) 1-2. In astrocytes, Glu is used by GS for Gln synthesis and then transported back to neurons. Neurons make Glu from Gln and pack it into synaptic vesicles for use in their next round of signalling. 34 When we infused L-AAA into the PLC, this process, known as the Glu-Gln cycle, was impaired. If fewer astrocytes were present around the cleft, the Glu concentration in the extracellular space would increase temporally, and neighbouring neurons could be damaged by high levels of Glu. It has recently been reported that a high level of extracellular Glu could be a cause of depressive-like behaviours in a genetic rat model of depression. 35 However, in the present study, the total Glu level, as well as Gln, decreased after astrocyte ablation, which could be explained by the reduction of materials for Glu synthesis in neurons. This was also supported by the result of the neuronal Gln transport inhibition experiment in this study (Fig. 4) . As a result, we hypothesized that increased duration of immobility during the FST and decreased sucrose preference during the SPT (Fig. 1) , behaviours typically interpreted as depressive-like in rodents, 19, 21 are caused by the decreased Glu and Gln levels in the PFC owing to astrocyte ablation. This is supported by other clinical studies that reported decreased Glu, Gln and γ-aminobutyric acid levels in the anterior cingulate cortex and the PFC of depressed patients. 28, 29, 36, 37 In addition to the similar phenotype displayed in our 3 animal models, they share another common feature in that all models displayed impairment in the Glu-Gln cycle. Thus, this suggests that any disturbances in the cycle would lead to a nonhomeostatic state for Glu and Gln levels and that depressive behaviours would result from such circumstances. A variety of studies have reported this possibility. It is easier to under stand if we consider 6 steps of the Glu-Gln cycle: (1) the release of Glu from presynaptic glutamatergic neurons, (2) the reuptake of Glu by astrocytes via EAAT1-2, (3) the GSmediated conversion of Glu to Gln, (4) the Gln release from astrocytes into the extracellular space, (5) the Gln transport from the extracellular space into the neuron and (6) reconversion of Gln to Glu. 11, 38, 39 In other words, if one of these steps is blocked or uncontrolled, the levels of Glu and Gln in the brain will be abnormal, which can result in depressive behaviours.
Both preclinical and clinical studies have shown that glutamatergic drugs, such as N-methyl-D-aspartate antagonists [40] [41] [42] and 2-amino-3-(3-hydroxy-5-methyl-isoxazol-4-yl)propanoic acid potentiators, 43 as well as mGlu2/3 antagonists, 44 have anti depressant properties. These reports have suggested that a change in presynaptic Glu release, step 1 of the Glu-Gln cycle, could cause depressive behaviours.
Step 2 of the cycle has also been considered as an inducer of depression. The action of EAAT1-2 has at least 2 functions, including clearance of EAA from the synaptic cleft and the provision of Glu to GS for Gln synthesis. In other words, excitotoxicity in the extracellular space and decreased synthesis of Gln would occur if there were a problem in the EAAT1-2 system. In accordance with this idea, lower rates of EAAT1-2 activity have been suggested as a possible cause of depressive disorders. 33, 45 Recently, it has been reported that GS expression was reduced in patients with MDD, 11 an effect that may be due to changes in the number or activity of astrocytes. Thus, it has been suggested that Gln synthesis mediated by GS, step 3 of the Glu-Gln cycle, might also be involved in disease onset. This hypothesis is reinforced in our study, where MSO, a specific inhibitor of GS, evoked depressive behaviours (Fig. 3A) . Inhibition of step 5 in the Glu-Gln cycle could also cause depressive behaviours, as we demonstrated in the present study using MeAIB (Fig. 3D ). This result also suggests that abnormal amino acid transport through the neuronal membrane might lead to depressive behaviours, even when normal astrocyte functions occur. Therefore, step 4 and step 6 of the cycle are worthy of further study, as dysfunction of either of these steps may also evoke depressive behaviours. Collectively, our results suggest that regulation of the Glu-Gln cycle between neurons and astrocytes, especially in the PFC, plays an important role in mood regulation and should be further investigated for the prevention and treatment of depressive disorders.
In the present study, we tested the possibility that Gln could be used as an antidepressant because Gln levels were lower after astrocyte ablation (Fig. 1) and MSO or MeAIB infusion (Fig. 3) . The application of an exogenous Gln supplement reduced the duration of immobility in all 3 mouse models (Fig. 4, 5A and B) , even in control mice that were not infused with L-AAA (Fig. 5D) . The successful use of Gln as a neuropsychologic or nutritional supplement has been in practice since the 1950s. At that time, the benefits of Gln administration were first observed when scientists found that it improved intellectual ability and reduced alcohol consumption and harmfulness. [46] [47] [48] In the 1970s, the antidepressive property of Gln was suggested, 49 and Gln was included in a list of drugs with potential effectiveness in treating psychological dependency. 50 Numerous studies have also reported that the use of Gln as a nutrient has advantages, including clinical safety in both healthy individuals and patients, and improvements in nitrogen balance and immune function after surgery, extensive radiation and chemotherapy. [51] [52] [53] [54] All of these studies indicated that using Gln for human disease treatment exhibited many merits without causing harmful side effects. In our study, Gln was infused directly into the PLC of depressed mice because these mice exhibited low Gln levels. To our knowledge, this is the first report detailing the use of Gln as an antidepressant candidate based on our findings of a low level of Gln in mouse models of depression. Consequently, our results suggest a possibility that Gln may be an effective antidepressant candidate with fewer side effects than traditionally prescribed antidepressants.
Limitations
The present study has some limitations. First, we did not provide evidence that L-AAA infusion in the PFC did not affect neuronal survival; however, previous studies 14, 26 have confirmed that L-AAA did not affect neuronal survival and that neuronal cell death did not affect depressive-like behaviours. This is the reason that we did not investigate the neuron popu lation. Second, we did not use genetically engineered ani mal models to test our hypothesis. For example, we conclude that neuronal Gln deficiency would induce depressive behaviour using only chemical inhibitors. However, if we had used genetically modified animals, including the neuronalspecific Gln transporter knockout or astrocyte-specific GS knockout mice, our conclusion may have been more concrete. In addition, the interpretation of our results might have been more clear if we had used other well-defined depression models, such as the chronic stress depression model and diverse behavioural assessments including SPT, tail suspension test or novelty suppression test.
Conclusion
Three points regarding depressive behaviours became evident from the present study. First, a reduced number of astrocytes results in lower levels of Glu and Gln and increased depressive behaviours. Second, a deficient supply of Gln to neurons might cause depressive behaviours, even when normal numbers of astrocytes are present. Third, depressive behaviours caused by lower levels of Glu and Gln can be reversed by the addition of exogenous Gln.
